Abstract⎯By means of scanning electron microscopy, atomic-force microscopy, X-ray fluorescence analysis, and X-ray spectral microanalysis it was shown that, under plasma-electrolytic oxidation (PEO) of titanium alloys in pyrophosphate electrolytes, well-adhered oxide coatings with microglobular morphology result. It was demonstrated that the chemical and phase composition of the coatings, as well as the surface topography and grain size, can be controlled by changing the concentration of a pyrophosphate electrolyte and a PEO current density. It was established that the resulting oxide layer is highly resistant to abrasive wear and enhances the titanium corrosion resistance in model media (Ringer's solution) substantially, which suggests that the coatings are promising for use in biological applications.
INTRODUCTION
Investigations focusing on improving the technologies for formation of oxide coatings on titanium alloys attract considerable interest. However, the overwhelming majority of conventional methods cannot provide good adhesion or wear and corrosion resistance, as well as other properties determining the functional application of materials and articles. In this connection, the microarc [1] , or plasma-electrolytic oxidation (PEO), method is rather promising, since it allows forming oxide coatings that adhere firmly to a metal surface base and enjoy a wide range of physicochemical and physico-mechanical characteristics: dielectric [2], protective [3, 4] , antifriction [5, 6] , catalytic [7] [8] [9] , etc. The biocompatibility and chemical inertness of PEO coatings, along with desirable tribological properties, are of considerable interest in medicine, in particular, endoprosthesis replacement technologies [10] [11] [12] .
Successfully tackling the issues of scientifically grounding the choice of composition and relative proportions of electrolyte components, as well as optimization of PEO parameters, make up the background for the development of a technology of coatings with prolonged service life, chemical resistance to corrosive media, and desirable morphology and tribological characteristics [13] . Therefore, the aim of the present work was to investigate the effect of modes of PEO of titanium alloys on the composition, surface morphology, corrosion resistance, and mechanical properties of oxide coatings obtained from a pyrophosphate electrolyte.
EXPERIMENTAL
Oxide coatings were formed on VT1-0 and OT4-1 titanium alloys differing in composition (Table 1) and mechanical characteristics. Preliminary treatment of the samples included mechanical cleaning from process contaminations, degreasing in 0.2-0.3 M NaOH, etching in a mixture of 0.1 -0.3 M HF and 0.3-0.9 M HNO 3 , and washing with distilled water.
Solutions for preliminary surface preparation and pyrophosphate electrolytes for oxidation with a concentration of 0.1-1.0 mol/dm 3 were prepared from certified reagents of reagent grade and analyticalreagent grade based on distilled water. The pH value of К 4 Р 2 О 7 working solutions was in the range of 9.0-9.2.
The anodic behavior of VT1-0 and OT4-1 alloys was investigated by linear voltammetry at varying potential sweep rate s = 5 × 10 -3 -10 -1 V s −1 using an IPC-PRO M potentiostat connected with a computer for operation control and data recording. Polarization measurements were carried out in a three-electrode cell against a background of 1 mol/dm 3 Na 2 SO 4 solution at К 4 Р 2 О 7 concentrations of 0.01-0.05 mol/dm 3 ;
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a platinum electrode was used as a counterelectrode, and the reference electrode was an EVL-1M1 silverchloride half-cell connected to the cell via a salt bridge filled with saturated potassium chloride solution thickened with agar. The potentials in the article are given with respect to the hydrogen electrode.
Oxidation was conducted in a galvanostatic mode with the use of a stabilized B5-50 constant-current source with varying current density i in the range of 1-5 A/dm 2 to a maximum voltage of 250 V in a temperature-controlled cell with constant stirring and flowthrough closed-circuit cooling of an electrolyte to 20-25°C, and the treatment duration was 30-60 min.
For investigation of sample surfaces, a ZEISS EVO 40XVP scanning electron microscope was employed. The surface image was obtained by collecting secondary electrons via scanning a surface with an electron beam, which made it possible to study the surface morphology with high resolution and contrast. For image processing, the SmartSEM software environment was used. The surface chemical composition was determined by analyzing characteristic X-ray spectra recorded with the help of an INCA Energy 350 energy-dispersive spectrometer. X-ray radiation was excited by irradiating the samples with an electron beam at an energy of 15 kV.
In addition, the chemical composition of the coatings was characterized by X-ray fluorescence using a Sprut portable universal technical X-ray spectrometer, and the relative standard deviation was from 10 -3 to 10 -2 . The phase composition and structure of the synthesized oxide coatings were analyzed on a DRON-2.0 X-ray diffractometer in iron-anode radiation. Diffraction patterns were recorded in a discrete mode at a step of 0.1° and exposure time of 15-20 s per each data point.
The coating surface roughness was estimated by a contact technique with the help of an AFM NT-206 scanning probe microscope (Microtestmashines Co, Belarus). The samples were scanned with a СSC-37 probe (cantilever V, a lateral resolution of 3 nm) in no less than three points in differing sample areas for averaging over the results. From the obtained 2D and 3D maps of the surface, the average grain size and degree of coating surface roughness were evaluated.
Abrasion rate of the materials Δl/Δt was determined using a calotte grinding method on a calotte grinder [14] as a depth of coating damage l in period t over which a print, the so-called "calotte ring," remains on the sample surface. The testing method involved continuous rolling of a spherical steel ball with diameter d of 30 mm across the sample surface at a constant force (Fig. 1) . For testing solid materials, a steel ball was additionally covered with abrasive diamond paste. The thickness of damage was determined from geometry sizes a and b of the ring [15] :
The corrosion behavior of alloys coated with oxides was investigated by impedance measurements employing an R-5083 automatic ac bridge at frequencies of 1 and 10 kHz and in the frequency range of 20-1 × 10 5 Hz [16] in a Ringer's solution (0.15 М NaCl, 0.004 M KCl, and 0.004 M CaCl 2 ) [17] mimicking biological media. The measurements using a series circuit were implemented using two counterelectrodesa coaxial platinum grid or coplanar Kh18N10T steel plates. The dynamics of corrosion potentials of PEO systems in a Ringer's solution and 2 M NaOH solution was recorded with a V7-35 digital high-resistance voltmeter.
EXPERIMENTAL DATA AND DISCUSSION
It is well known that, in acid and alkaline solutions at potentials up to 2 V, films of mixed oxides Ti 2 O 3 · nTiO 2 , where n = 3-4, form at the surface of titanium alloys, with oxides Ti 5 O 9 and Ti 6 O 11 being predominant. At more positive potentials, the composition and structure of the oxide films change due to the formation of the highest titanium oxide TiO 2 [18] . Anodic polarization dependences (APDs) are evidence that, regardless of the solution composition, the passivation current of OT4-1 is almost three times that of VT1-0 (Fig. 2) . Such a behavior of the OT4-1 titanium alloy can be accounted for by the presence of up to 2 wt % of manganese in its composition (Table 1) ; manganese is oxidized into soluble oxyanions in diluted pyrophosphate solutions exhibiting an alkaline reaction due to hydrolysis of .
When increasing the pyrophosphate concentration to 0.01 mol/dm 3 , the current density of VT1-0-alloy oxidation rises and that of OT4-1 diminishes, and a current peak degenerates into a wave. Such a behavior of alloys is caused by two things. First, when increasing the pyrophosphate concentration by an order of magnitude, the degree of hydrolysis becomes at least three times lower and, correspondingly, the electrolyte pH goes down, resulting in a decreased rate of formation of soluble manganate(VII) ions. Second, there is a competition between the reaction routes of oxidation of alloying elements into oxyanions or cations M 2+ (M = Fe, Mn). The latter form either soluble pyrophosphate complexes or M 2 P 2 O 7 precipitates depending on the proportion between the complexing agent and ligand concentrations. It is evident that, under oxidation of the OT4-1 alloy, a local excess of M 2+ concentration over concentration takes place in the near-electrode layer, which leads to the formation of insoluble compounds M 2 P 2 O 7 , adsorption thereof at the surface, and a decrease in the oxidation rate. At the same time, the oxidation rate of VT1-0 increases, since the content of alloying metals in it is five times lower; therefore, the probability of formation of soluble pyrophosphate complexes is significantly higher. It is worthy of note that, with an increase in the
concentration, the probability of inclusion of phosphorus compounds in composition of the oxide coating rises.
Voltage chronograms under PEO of titanium alloys for all studied electrolytes have a classic shape (Fig. 3a) [2, 5]. The pieces of dependences that correspond to the presparking region of coating formation are nearly linear, which can be explained by the growth in the film thickness and, therefore, its resistance. The time before the onset of sparking at i = 2.5-5.0 A/dm 2 is 1-2 min in all studied electrolytes; with increasing oxidation-current density, voltage-change rate dU/dt, sparking voltage U s , and final voltage U f of the process increase.
The oxide coatings formed in a pyrophosphate electrolyte in the presparking region are light-gray in color, which is typical of titanium(IV) oxide. This confirms indirectly data on the formation of a rutile TiO 2 modification on titanium in the presparking region in polyphosphate electrolytes [19] .
The dependence of the voltage-change rate versus voltage dU/dt-U (Fig. 3b) is also classic in shape: in the presparking region, dU/dt is constant; however, it rises with an increasing current density.
The different geometry of the forming dependences (Fig. 3a) and voltage-change rate (Fig. 3b) at a current density of 1 A/dm 2 is due to a low formation rate of titanium oxides and smaller thickness thereof because of the competition with a process of dissolution thereof in an alkaline medium, which entails lower sparking voltage and final forming voltage.
The second peak in the dU/dt-U dependences corresponds to the sparking voltage (U s = 75-80 V). In the sparking region, the voltage-change rate increases, becoming the higher the higher current density is. That occurs due to water thermolysis upon local temperature increase to 700 to 2000°С in the breakdown zone of the phase oxide and shielding of the surface with bubbles [20] . In addition, thermal decomposition of the electrolyte components and inclusion thereof in a conversion layer occurs along with healing of defects in the coating due to remelting of the electrolyte mineral phase. Once a voltage of 90-95 V is achieved, the process develops into a microarc mode; therefore, the voltage-change rate stabilizes and the oxide-coating thickness and voltage-change rate depend on current density linearly (Fig. 4) .
X-ray spectrum microanalysis and scanning electron-microscopy data demonstrate that, in addition to TiO 2 , the coating includes remelts of electrolyte components (Fig. 5) .
The coatings feature a globular structure, with titanium oxide dominating in pores, and phosphorus and potassium oxides dominating on toruslike fragments of the structure. In addition, oxides of impurities contained in the treated alloys-in particular, aluminum-are included in the composition of the surface layers.
The coating on the OT4-1 alloy has a more clearcut relief structure and lower porosity and contains trace amounts of alloying components. Taking oxygen amount into account, one can surmise that, at the surface of the VT1-0 alloy, coatings composed of oxides TiO 2 , P 2 O 5 , and K 2 O in a proportion of 6 : 2 : 1 are formed. A rather high phosphorus oxide content in the coatings creates conditions for their application as a protective layer in implants.
At a current density of 1.5 A/dm 2 , a uniform microglobular surface relief with inclusions of small acicular grains is formed (Fig. 6) , the titanium-oxide content increases, and the potassium proportion decreases in the surface layer, with the phosphorus concentration remaining constant. When diluting the potassiumpyrophosphate solution, the final oxidation voltage and thickness of the coatings obtained over the same time intervals increase regularly (Table 2) .
Hence, by varying the potassium-pyrophosphate concentration of the electrolyte, current density, and PEO duration, one can obtain oxide coatings with a desired composition, morphology, and thickness on titanium alloys. Particular interest in plasma-electrolytic coatings on titanium is aroused by the prospects of their application in implants, which imposes severe requirements on the biocompatibility, nontoxicity, and adhesion stability of surface layers. In addition, it is necessary to create a surface relief that would provide minimal friction and damage of a bone tissue at a maximum biological-tissue growth rate. The compositions of electrolytes and electrolysis modes tested herein allow coatings meeting all the listed criteria to be formed (Fig. 7a) .
Good adhesion of the oxide layer to the titanium surface is confirmed by the results of analysis of cross sections. Ductile fracture along the shear line (Fig. 7b) is evidence of firm adhesion of the oxide layer to the base and stability of the Ti/TiO x system as necessary conditions for preventing splinter rupture of an implant.
Estimating the surface topography of the VT1-0 titanium alloy oxidized in potassium pyrophosphate, one can conclude that its roughness is relatively uniform (Fig. 8а) .
From the analysis of a cross section between markers 1 and 2 (Fig. 8b) , it can be seen that the grain size varies within 600 and 700 nm and the height of parabolic projections of a relief changes between 100 and 400 nm (Fig. 8c) . The microstructure of the formed layer is an aggregate of rounded grains with uniformly distributed pores, which are sometimes filled with small grains or a mixture of acicular grains (Figs. 7a, 8b ). These are rounded grains that provide good gliding over the surface, which is extraordinarily important-in particular, for implants of hip jointand are considered to be a relief which provides maximum compatibility with biostructures [21] .
The estimation of microroughness of oxide coatings is technically problematic due to the features of relief and nonuniform surface thereof. However, there is no doubt that their high mechanical characteristics are determined by large coating thicknesses, which depend on the anodic current density and are proportional to the final forming voltage. In addition, resistance to abrasive wear is determined by the composition and morphology of coatings. As the analysis of distribution of the main elements across the coating thickness revealed (Fig. 9) , the surface in enriched with oxygen and phosphorus, and, in the direction of a metal-oxide interface, titanium atomic fraction increases. Obviously, the composition of titanium oxides TiO x also changes toward a decreased stoichiometric index x.
Revealing an unequivocal correlation between the content of electrolyte components in the coatings and mechanical properties thereof is problematic, since coatings with similar compositions have differing abrasion rates Δl/Δt. One can suppose that one of the most significant factors providing a high level of coating mechanical properties, in addition to their composition and structure, is surface morphology (Table 3) . For instance, a decrease in grain sizes and formation of a microglobular structure of oxide systems encourage a growing resistance to abrasive wear [22] , as is observed with the coating formed at i = 1.5 A/dm 2 (Table 3) . It is also evident that a decrease in potassium content and increase in a content of titanium and phosphorus oxides in the coating lead to a decreased abrasion rate. Oxide systems with more perfect morphology exhibit higher mechanical properties.
The results of potentiometric measurements (Table 4 ) are evidence of high corrosion stability of materials in both alkaline media and in the presence of corrosionactivating ions. Positive corrosion potentials are an indicator of a passive system state, which is of primary importance if the chemical instability of conventional titanium oxides in alkalines and chloride-containing media is taken into account. Coatings formed from diluted electrolytes feature higher anticorrosive properties caused by a decrease in through porosity due to a growth in the forming voltage and coating thickness (Table 2) . Comparison of chronograms of capacity, resistance, and potentials for the samples with coatings obtained by conventional oxidation in sulfuric acid [23] and for the PEO systems (Fig. 10) unambiguously indicates a higher corrosion resistance of the latter.
Resistance R of oxide coatings formed by classical oxidation in sulfuric acid is an order of magnitude lower and capacity C is an order of magnitude higher than those of the PEO systems obtained in a pyrophosphate electrolyte. It is worth paying attention to a significant increase in C over the exposure time in a Ringer's solution and its pronounced frequency dependence unlike that of PEO coatings. Analyzing the dynamics of corrosion electrochemical properties, one should note that, with all samples, the resistance decreases and the corrosion potentials shift to a negative region, which is accounted for by the growth in porosity of the coatings. The chronograms are distinguished by a large number of oscillations, since the dissolution of the components of oxide coatings under the action of sulfuric acid leads to development of a corrosion process. At the same time, the resulting corrosion products retard the film destruction. Despite some decrease in the potentials of PEO systems, they remain much more positive than those of the conventional oxide coatings, which is evidence of higher protective properties thereof.
Using the results of a graphic-analytical processing [16] of impedance spectroscopy data, the corrosion rate j cor of metal-oxide systems was calculated ( Table 5) . The calculated results, as could be expected, are evidence of higher corrosion resistance of the coatings formed in a PEO mode than that of the coatings obtained by classic anodization (Table 5) .
Therefore, PEO of titanium alloys in pyrophosphate electrolytes makes it possible to obtain oxide coatings with differing thicknesses depending on the treatment duration, and the chemical and phase composition, surface topography, grain size, and resistance to abrasive wear can be controlled by varying the electrolyte concentration and forming current density. The resulting oxide layer enhances the titanium corrosion resistance in alkaline and acid media and in Ringer's solutions. The obtained coatings exhibit good adhesion and microglobular surface morphology and are promising for biological applications.
CONCLUSIONS (1)
In the analysis of the anodic polarization dependences for titanium alloys, it was established that the oxidation rate of OT4-1 alloy in diluted pyrophosphate solutions is higher than that of VT1-0 due to higher alloy heterogeneity and the presence of manganese in OT4-1. An increase in the pyrophosphate concentration leads to passivation of OT4-1 alloy, whereas the anodic behavior of VT1-0 remains nearly the same, especially at low polarization rates.
(2) Under plasma-electrolytic oxidation of the aforementioned titanium alloys in pyrophosphate solutions, oxide coatings with microglobular morphology appear, the chemical and phase composition of which, as well as the surface topography and grain size, can be controlled by varying the electrolyte concentration and forming current density.
(3) It was demonstrated that the coatings formed in the PEO mode exhibit higher corrosion resistance in both acid and alkaline media than that of the coatings obtained by classic anodization; a decrease in grain sizes and formation of a microglobular structure of oxide systems encourages a growth in resistance to abrasive wear. Ductile fracture along the shear line is evidence of firm adhesion of an oxide layer to a base and stability of the Ti/TiO x system as necessary conditions for preventing splinter rupture of an implant, which, alongside the high corrosion resistance in a model Ringer's medium, makes them highly promising for biological applications. 
